Abstract: On-chip, planar integration of Er-doped Silicon-rich silicon nitride microdisks with SU-8 waveguide and polymer cladding is achieved. The lack of high temperature or etching processes allows back-end integration without any optical damage to the microcavity resonator. The maximum measured Q-factor at 1475.5 nm was 13,000, corresponding to calculated intrinsic resonator Q-factor of 25,000 that is limited by processrelated roughness. 
Introduction
Trivalent Er ions can amplify light at the technologically important 1.5 µm region through its intra-4f transition from the first-excited to ground state [ 4 I 13/2 → 4 I 15/2 ], and were the basis for the on-chip, silica micro-resonator lasers for Si photonics that have been reported recently [1, 2] . Unfortunately, the low refractive index of silica precludes fabrication of compact devices with optical cladding necessary for robust operation. Furthermore, since these microdisks must ultimately be integrated with other photonic circuits, most likely on top of an existing electronic circuit, waveguides must be made of a different material without Er in a flexible process. Yet traditional methods of deposition + etching require processing steps that are not only complex, but can also compromise the integrity of pre-existing optical and electrical components.
In this paper, we report on integrating Er-doped silicon-rich silicon nitride (SRSN) microdisk resonators with SU-8 polymer waveguide and polymer cladding. Previous works have indicated the possibility of using SRSN for compact optical devices with controllable, high refractive index and high mode overlap [3] , and use of polymer enables easy fabrication of low-loss, Er-free waveguides as well as compatibility with recently reported optical PCB structures [4, 5] . We find that this combination of SRSN microdisks and polymer waveguides enables their integration with sub-µm gap control necessary for efficient coupling without any etching or high-temperature processes that can compromise the integrity of existing devices. The maximum measured Q-factor was 13,000 at 1475.5 nm, corresponding to calculated intrinsic resonator Q-factor of 24,800 that is limited by process-related roughness
Fabrication and experimental details
Er doped SRSN film with thickness of 490 nm was deposited on a 15 µm thermal oxide substrate by the reactive ion beam sputtering method and subsequently annealing at 950 °C for 30 min. The excess Si and Er contents were 5 and 0.43 at.%, respectively, and refractive index near 1550 nm was 1.991. Photo-lithography and dry etching with amorphous Si hard mask was used to define both the 25-µm diameter microdisks and alignment marks. The etch depth was 680 nm, resulting in over-etching of the nitride layer. SU-8 polymer with refractive index of 1.574 @ 1550 nm was then spin coated, and 2.3 µm wide and 2.2 µm high singlemode channel waveguides were fabricated by UV-curing using photo-litho masks with designed disk-waveguide gap widths. The waveguides were aligned to the existing microdisks using the alignment marks, and additional fine-control over the gap width was also possible by varying UV exposure time. The entire waveguide fabrication and cladding procedure took place at room temperature. Finally, the entire structure was spin coated with ~5 µm thick polymer (FOWG-107) with refractive index of 1.5145, and then cleaved to enable fiber coupling. The propagation loss of SU8 waveguides was measured to be 3.5 dB/cm (data not shown), comparable with other channel-type high index waveguides [6] .
Measurement and analysis
Figures 1(a)-1(c) show typical scanning electron microscope (SEM) images of fabricated microdisks, integrated with SU8 waveguides. We find that waveguides remain straight and smooth along its entire length. Furthermore, the resonator-waveguide gap is formed without any damage to the existing microdisk resonator, with widths that can be controlled within hundred nm. Figure 1(d) shows the optical microscope image of the sample with 800 nm gap after polymer cladding. The disk-waveguide gap appears uniform, indicating that polymer cladding successfully infiltrated the gap without forming any macroscopic bubbles. Figure 3(a) shows the transmission spectrum of an integrated microdisk, obtained using TE-polarized input from a continuously tunable, external cavity laser with <300 kHz linewidth that was coupled into, and extracted from the waveguide using a single-mode lensed fiber with radius curvature of 7 ± 2 µm [7] . We observe sharp dips with an FSR of about 15 nm that were verified by FDTD simulation as first-order radial TE-like modes (not shown).
To investigate the effect of integration on the optical qualities of the resonators, the Qfactors of waveguide-integrated microdisk was compared with that obtained from the same disk via tapered-fiber coupling [7, 8] prior to waveguide integration. Direct comparison of the measured Q-factors, however, is inappropriate, as they contain the effects of both the coupling loss and the Er absorption loss that can depend on the resonance wavelengths. The Er absorption loss can easily be estimated by α Er = σN Er Γ, where σ is the Er absorption cross section (taken to be 0.6 × 10 −20 cm 2 near 1480 nm [9, 10, 21] ), N Er is the Er concentration, and Γ is the mode overlap, to be 9.2 dB/cm. The coupling loss is calculated by using the universal relation for waveguide coupled microresonators [11, 12] , given by
where γ o is the loss of the input power, κ is the coupling coefficient. α o is the propagation loss, and α Er is the Er absorption loss. n and L are the refractive index and circumference of the microdisk, and β = nω/c. The instrinsic Q-factor of the disk, which is independent of coupling or Er-doping, can then be estimated by 1/Q tot = 1/Q intrinsic + 1/Q Er + 1/Q coupling . Figure 3(b) shows the transmission-dip of microdisk prior to integration with the highest Q-factor, together with the fit to Eq. (1). To this, we compare 3 transmission dips from the integrated structure: one at the same wavelength; one at the same azimuthal number; and the one with the highest Q-factor. Figure 3(c) shows the transmission dip of the integrated microdisk with the highest Q-factor, together with the fit to Eq. (1), and the results of analysis are summarized in Table 1 .
We find that Q coupling values are much higher than the intrinsic Q with Er, indicating that we are dealing with, under-coupled conditions in all cases [13] . More importantly, the waveguide-integrated disk has consistently higher Q-values, for both Q tot and Q intrinsic , a maximum value of 24,800 for Q intrinsic . This value is comparable with the other reported Q factors measured from Er-free nitride based resonators fabricated by photo-lithography [14] , and demonstrates that by using polymers, we were able to integrate low-loss waveguide to an existing microresonator without inducing any optical damage. Furthermore, as the entire process takes place at room temperature, we expect that integration would not have damaged any possible electronic circuits as well.
Still, the value of 24,800 is much lower than the radiation-limited Q intrinsic , calculated to be > 10 6 (data not shown), indicating a large optical loss of 15 dB/cm. Furthermore, Q intrinsic by definition should not depend on integration. To investigate the possible sources of such loss and the reason for improved Q intrinsic after integration, we have first analyzed the surface roughness on the top surface of a microdisk that underwent identical deposition and etching process using the atomic force microscopy (AFM). From Figs. 4(a) and 4(b) , the average surface roughness (σ rms ) and the lateral correlation length L c are extracted to be 1.15 ± 0.01 nm and 25 nm [15] , respectively. Using these values for the analytical expression for the scattering loss by the surface roughness [16] , we calculate that the surface roughness contributes to an optical loss of less than 1 dB/cm. On the other hand, the sidewall roughness on the microdisk induced by lithography and etching processes are much larger, as can be seen in Figs. 4(c) and 4(d) . From these SEM images, the edge roughness (σ rms ) is estimated to be as large as 10 nm, which, according to Ref [17, 18] , would lead to scattering loss of about 12 dB/cm. This value is comparable to the intrinsic optical loss of the cavity deduced from the experiments, and indicates that the Q-factor of the fabricated microdisk is limited by the process-related sidewall roughness and not by a fundamental limitation imposed by SRSN, consistent with reports on low-loss devices based on SiN [6] . This is also consistent with observed improvement in Q intrinsic , after integration, as polymer cladding would reduce the refractive index contrast at the sidewall, and thereby reduce the scattering losses due to any sidewall roughness. It is also possible, however, that such change in refractive index contrast affects the photon lifetime inside the cavity as well [19] . With the integrated structure, robust and stable pumping of the microdisks is possible. As  Fig. 5 shows, sharp Er 3+ emission peaks at resonant wavelengths can easily be obtained from an integrated microdisk when pumped with a 1475 nm laser through the integrated waveguide. However, given the Er concentration and mode overlap, the maximum internal gain that can be obtained from doped Er ions is estimated to be 13 dB/cm only (σ = 0.8 × 10 −20 cm 2 at 1536 nm). As this value is lower than the intrinsic cavity loss of 15 dB/cm, no net gain and thus no lasing is yet possible. Thus, overcoupling between microdisk and waveguide was required to obtain sufficient signal for Fig. 5 .
In fact, as the emission cross-section of Er 3+ near 1480 nm is non-zero, the maximum population inversion that can be achieved is only ~0.75 [9, 10, 21] , reducing the maximum possible internal gain at 1536 nm to σN Er Γ × (0.75-0.25) = 6.5 dB/cm only. As optical loss of cavity needs to be smaller than the internal gain for lasing to occur, this indicates that minimum Q intrinsic required for lasing is about 60,000. We note, however, that several factors such as optical de-activation of doped Er, non-linear effects such as cooperative upconversion, and waveguide coupling loss will increase the minimum required Q-factor for lasing. Still, we have previously reported that optical de-activation of Er in nitrides is significantly suppressed compared to that in oxides [20, 21] . Furthermore, by employing undercoupled waveguides, the coupling loss can be controlled as well. Thus, a more reasonable estimate of three-fold improvement of Q intrinsic to 75,000 would be needed for development of efficient, fully integrated microdisk laser on a Si chip.
Conclusion
In conclusion, we have demonstrated the fabrication of Er-doped silicon-rich silicon nitride planar type microdisks integrated in an all-planar fashion with a SU-8 polymer waveguide and cladding on a single chip. Use of polymer enables gap control and integration at room temperature without complex deposition + etching processes that can damage the pre-existing optical and/or electrical devices, and use of silicon-rich silicon nitride enables compact optical devices with high mode overlap for efficient Er pumping. The maximum measured Q-factor at 1475.5 nm was 13,000, corresponding to calculated intrinsic resonator Q-factor of 24,800 that is limited by process-related roughness. We expect that with a three-fold reduction in optical losses by improving fabrication process, a fully integrated microdisk laser on a chip would be possible. 
